Abstract. A central hypothesis of biogeography is that consumer-prey interactions are more intense at lower latitudes, leading to increased defenses of prey. Because plants vary in many traits that might affect palatability to herbivores, however, studies of latitudinal variation in single plant traits such as secondary chemistry provide only circumstantial evidence to test this hypothesis. We directly compared the palatability of 10 salt marsh plants from seven northern (Rhode Island and Maine) and eight southern (Georgia and Florida) coastal salt marshes by flying fresh plant material back and forth and allowing 13 species of herbivores direct choices between northern and southern conspecific plants in laboratory assays. In 127 of 149 assays (85%), herbivores showed a significant or marginally significant preference for northern plants. In only one assay did herbivores prefer southern plants. These results occurred regardless of the geographic location of the assay, herbivore species, year, or season of plant collection, although there were hints that latitudinal differences became less pronounced for two plant species late in the growing season. Our results provide the most comprehensive evidence to date for a latitudinal gradient in plant palatability in any community. The proximate plant traits and the ultimate evolutionary factors responsible for this pattern remain to be determined.
INTRODUCTION
A fundamental paradigm of biogeography is that consumer-prey interactions vary across latitude, with predation and herbivory more intense, and prey defenses better developed, in the tropics than in the temperate zone (MacArthur 1972 , Bakus 1974 , Bakus and Green 1974 , Green 1977 , Vermeij 1978 , Jeanne 1979 , Bertness et al. 1981 , Menge and Lubchenco 1981 , Louda 1982 , Fawcett 1984 , Heck and Wilson 1987 , Coley and Aide 1991 , Stiven and Gardner 1992 , Jablonski 1993 , Cronin et al. 1997 . Despite considerable interest in biogeographic patterns in plant-herbivore interactions (Brower et al. 1972 , Gaines and Lubchenco 1982 , Krischik and Denno 1983 , Hay and Fenical 1988 , Horn 1989 , Duffy and Hay 1990 , Coley and Aide 1991 , Steinberg 1992 , Steinberg et al. 1995 , Coley and Barone 1996 , Hay 1996 , however, the evidence to date for latitudinal gradients in plant palatability is largely circumstantial or laden with caveats.
Because of the severe logistic constraints inherent in working across large spatial scales, most latitudinal studies have understandably been forced into indirect measurements of plant palatability or compromises of design. Few studies directly compare the palatability of fresh plants (but see Steinberg et al. 1991 , instead working with freeze-dried plants or plant extracts, or measuring plant traits that might correlate with palatability (e.g., Levin 1976 , Rodriguez 1977 , Coley and Aide 1991 , Bolser and Hay 1996 . Some studies have worked with herbivores from only one geographic region (e.g., Van Alstyne and Paul 1990, Steinberg et al. 1991) , raising the concern that herbivores might display preferences based on familiarity rather than on palatability (but see Bolser and Hay 1996, Cronin et al. 1997) . Moreover, some studies have utilized only one site in each geographic region (e.g., Cronin et al. 1997) , raising the concern that variation within a region might be as large as that observed between regions Aide 1991, Bolser and Hay 1996) . Finally, because many plant species are not widely distributed, many latitudinal studies compare distantly related plants (e.g., Van Alstyne and Paul 1990, Coley and Aide 1991) , raising the concern that phylogenetic constraints unrelated to plant-herbivore interactions might influence the comparisons.
Despite these caveats, most of the limited number of studies available to date are consistent with the general hypothesis that tropical plants are better defended than temperate ones (Hay and Fenical 1988 , Coley and Aide 1991 , Bolser and Hay 1996 . Brown algae and boreal trees, however, show no or the opposite trend (Van Alstyne and Paul 1990 , Steinberg 1992 , Targett et al. 1992 , and several GA  GA  GA  GA  GA  GA  GA  FL   31Њ25Ј  31Њ25Ј  31Њ25Ј  31Њ25Ј  31Њ25Ј  31Њ25Ј  31Њ15Ј  30Њ40Ј   81Њ15Ј  81Њ15Ј  81Њ15Ј  81Њ15Ј  81Њ15Ј  81Њ15Ј  81Њ20Ј 81Њ30Ј † RI ϭ Rhode Island, ME ϭ Maine, GA ϭ Georgia, FL ϭ Florida.
studies suggest important regional differences in plant palatability unrelated to latitude (Steinberg 1989 , Coley and Aide 1991 , Targett et al. 1992 , Steinberg et al. 1995 , Bolser and Hay 1996 , Coley and Barone 1996 . Given the design concerns and sometimes contrary results of the few existing studies, unambiguous data are needed to test the hypothesis that latitudinal trends in plant palatability exist.
Salt marshes along the Atlantic coast of the United States offer an attractive system for examining latitudinal variation in plant palatability. Salt marshes are the dominant intertidal habitat along the East Coast of the United States. The plant community of coastal salt marshes is composed of relatively few species (Chapman 1974) , making it logistically possible to study virtually the entire plant community. In addition, most of the individual marsh plant species occur across a wide latitudinal range (Duncan and Duncan 1987, Pennings and Bertness 1999) , making it possible to make intraspecific comparisons across latitude. Salt marshes host a diverse assemblage of herbivores that at times can strongly reduce plant biomass and/or mediate plant distributions (Pennings and Bertness 2001) .
Our goal was to provide a definitive study of latitudinal variation in plant palatability by working with fresh plants, comparing conspecifics from high-and low-latitude regions, studying the majority of the plant species in the community, using herbivores from both geographic regions, and incorporating replication of sites within each region. Our results document striking latitudinal differences in plant palatability within salt marshes along the East Coast of the United States.
METHODS

Plant collection sites
We collected plants from seven northern (Maine and Rhode Island) and eight southern (Georgia and Florida) sites (Fig. 1, Table 1 ). The Wells, Drake Island, and Little River sites are located in the Wells National Estuarine Research Reserve (NERR) in southern Maine. Radford et al. (1964) .
The Prudence Island site is located in the Narragansett Bay NERR in Rhode Island (RI). The Rumstick site is a small embayment of Smith Cove in Barrington, RI. The Hundred Acre site is a public recreation area on Narragansett Bay near Barrington, RI. The Haffenreffer site faces Mount Hope Bay from the Brown University research area within the Haffenreffer Anthropological Museum grounds in Bristol, RI. Marsh Landing, Airport, Shell, Lighthouse, and Island sites are located within the Sapelo Island NERR on Sapelo Island, Georgia (GA). The Cabretta site is located outside the NERR on Sapelo Island, GA. The St. Simons Island, GA, and Amelia Island, Florida, sites are marshes adjacent to causeways accessing these barrier islands.
Plants and herbivores
We worked with most marsh plant species common at both northern and southern sites (Table 2 ). These 10 species represented a majority of the species and Ͼ75% of the total marsh plant biomass in both geographic locations (S. C. Pennings, E. L. Siska, M. D. Bertness, personal observation). Thirteen species of common consumers, including crabs, beetles (both adults and larvae), grasshoppers, and moth larvae were collected for feeding trials (Table 3) . Consumers ranged in feeding behavior from specialist herbivores (e.g., Ophraella) to moderately generalized herbivores (e.g., all the Orthoptera) to omnivores (e.g., Armases). We tried to collect all common herbivores present at each geographic region (excluding deer and leaf-mining, galling, and sapsucking insects due to logistic problems) with the goal of maximizing the number of species that would feed on each plant species. Herbivore species were easier to find in the south than in the north, so more assays were ultimately conducted in GA than in RI.
Feeding trials
To ensure that our results did not vary depending on the geographic origin of the consumers, we conducted feeding trials in both Rhode Island (RI) and Georgia (GA), using local consumers. To ensure that results did not vary over the growing season, or between years, we ran feeding trials two or three times during the growing season for two years (June and September 1997; June, July and September 1998). We will refer to June trials as ''early,'' July trials as ''middle,'' and September trials as ''late.'' To ensure that our results were not biased by collecting plants from any particular site, we collected different species of plants from a total of seven to eight sites within each geographic region. Each individual assay compared plants from one northern site vs. one southern site, but we often repeated trials with a given plant species by using different combinations of northern and southern collection sites.
Southern plant material was collected in the morning, and flown to Providence, RI, in a chilled cooler. Northern plants were simultaneously collected by an assistant and held in a similar cooler. In each case, plant material was collected from multiple plants spaced widely over each site. Experiments were set up ϳ12 h after plants were collected, using northern herbivores collected during the previous 72 h and held with ad lib food. Northern plants were subsequently flown to GA following the same protocol for feeding assays with southern herbivores.
LATITUDE AND PLANT PALATABILITY Individual consumers were offered a choice between an undamaged leaf (or photosynthetic stem in the case of Salicornia spp.) from a northern plant and one from a conspecific southern plant. Each feeding trial began with up to 24 replicates, depending on the availability of consumers. Consumers were housed individually within appropriate chambers (crabs in 1000 mL glass jars with a water dish, grasshoppers in screen cages, beetles and moth larvae in petri dishes). Individual replicates were checked twice a day and were terminated when substantial feeding (ϳ30%) on at least one leaf had occurred. Occasional replicates in which neither diet was eaten after a period of 72 h or in which both diets were completely consumed provided no information on relative palatability of northern vs. southern plants and were omitted.
In most assays, consumption was measured as square millimeters of leaf area consumed. This estimate of consumption would have been biased if leaves from different geographic regions differed in thickness or density. Casual observation suggested that such geographic differences in leaf mass/area existed for about half of the plant species studied, but that they were modest and inconsistent between species, with southern leaves more robust for some species (e.g., Spartina alterniflora), and northern leaves more robust for others (e.g., Iva frutescens). Given that differences in consumption were often large and were consistent between species, we did not attempt to correct for differences in leaf mass per area. In a few cases, however, consumption was measured as change in leaf biomass, and these assays produced results qualitatively similar to assays measuring leaf area consumed. For assays measuring biomass consumed, an equal number of additional replicates were run without consumers to estimate mass change in the absence of herbivory; and mass changes in the presence of herbivores were adjusted by the minor mass changes of paired no-herbivore controls. Differences in consumption were compared between geographic locations using paired t tests, or, when assumptions of normality were not met, with Wilcoxon signed-ranks tests.
RESULTS
Overall, 127 of 149 trials (85%) resulted in a significant (120 trials) or marginally significant (seven trials with P Յ 0.06) preference for northern over southern plants. Only one trial resulted in a significant preference for southern plants. Results did not vary depending on whether assays were conducted using northern or southern herbivores (83% vs. 86% significant or marginally significant, P ϭ 0.79, Fisher's exact test). Overall, there was a larger proportion of significant or marginally significant tests early vs. late in the season (93% vs. 80%, respectively, P ϭ 0.03, Fisher's exact test); this pattern was largely driven by results with Iva and Distichlis, and was only significant for Iva. Given the weakness of this seasonal pattern, and the possibility of obtaining occasional spurious results when conducting large numbers of tests, we view this as an interesting trend requiring further examination rather than as a clearly established pattern. Results for specific plants and herbivores are expanded on below.
Aster tenuifolius.-Six of seven (86%) trials conducted in GA using the marsh crab Armases cinereum as the herbivore resulted in a significant preference for northern over southern plants (Fig. 2 top left) . We were unable to collect a common northern herbivore that would readily eat Aster, so no reciprocal tests were performed.
Baccharis halimifolia.-Both feeding trials conducted in GA using the beetle Trirhabda baccharidis as the herbivore resulted in a significant preference for northern over southern plants (Fig. 2 top right) . We were unable to collect a common northern herbivore that would readily eat Baccharis.
Limonium carolinianum.-Five of nine (56%) trials conducted in GA using the marsh crab Armases cinereum as the herbivore resulted in a significant preference for northern over southern plants (Fig. 2 bottom) . Two additional trials were marginally significant (P Յ 0.06). We were unable to collect a common northern herbivore that would readily eat Limonium.
Iva frutescens.-Eight of 12 (67%) trials conducted in RI (using larvae and adults of the beetle Ophraella notulata as herbivores) resulted in a significant preference for northern over southern plants (Fig. 3 top) . The three nonsignificant and the one contrary (significant preference for southern plants) results all occurred late in the growing season, and only in assays with adult beetles. All 15 trials conducted in GA (using four different herbivores) resulted in a significant preference for northern over southern plants (Fig. 3 bottom) . Combining RI and GA trials, 15 of 15 trials conducted early in the growing season indicated a preference for northern plants, vs. only 8 of 12 (67%) trials conducted late (P ϭ 0.03, Fisher's exact test).
Solidago sempervirens.-Seven of nine (78%) trials conducted in RI (using two different herbivores) resulted in a significant preference for northern over southern plants (Fig. 4 top) . One additional trial was marginally significant (P ϭ 0.06). Four of eight (50%) trials conducted in GA (using two different herbivores) resulted in a significant preference for northern over southern plants (Fig. 4 bottom) .
Distichlis spicata.-One of two (50%) trials conducted in RI using the grasshopper Conocephalus sp. as the herbivore resulted in a significant preference for northern over southern plants (Fig. 5 top) . Eleven of 19 (58%) trials conducted in GA (using three different herbivores) resulted in a significant preference for northern over southern plants (Fig. 5 bottom) . Two additional trials were marginally significant (P ϭ 0.06). Combining RI and GA assays, nine of 10 (90%) trials conducted early in the growing season indicated a preference for northern plants, vs. only four of eight (50%) trials conducted late (middle-of-season trials dropped, P ϭ 0.12, Fisher's exact test).
Spartina alterniflora.-All four trials conducted in RI (using two different herbivores) resulted in a significant preference for northern over southern plants (Fig. 6 top) . Fifteen of 17 (88%) trials conducted in GA (using three different herbivores) resulted in a significant preference for northern over southern plants (Fig. 6 bottom) . One additional trial was marginally significant (P ϭ 0.06).
Spartina patens.-Both trials conducted in RI using the grasshopper Conocephalus sp. as the herbivore resulted in a significant preference for northern over southern plants (Fig. 7 top) . Thirteen of 15 (87%) trials conducted in GA (using three different herbivores) resulted in a significant preference for northern over southern plants (Fig. 7 bottom) . One additional trial was marginally significant (P ϭ 0.06).
Salicornia europaea.-All six trials conducted in RI (using adults and larvae of the beetle Erynephala maritima) resulted in a significant preference for northern over southern plants (Fig. 8 top) . Eleven of 12 (92%) trials conducted in GA (using two different herbivores) resulted in a significant preference for northern over southern plants (Fig. 8 bottom) .
Salicornia virginica.-The one trial conducted in RI and eight of nine (89%) trials conducted in GA (using one northern and two southern herbivores, respectively) resulted in a significant preference for northern over southern plants (Fig. 9 ).
DISCUSSION
Our results document a striking pattern for northeastern salt marsh plants to be more palatable than southeastern conspecifics. This pattern held true across virtually the entire plant and herbivore community, be- tween seasons and years, using both northern and southern herbivores. Overall, 127 out of 149 trials indicated a significant or marginally significant (P Յ 0.06) preference for northern plants. In most cases, preferences were very strong, with herbivores typically eating several times more of the northern plant than of the southern plant. In addition, most nonsignificant tests showed a trend toward preferring the northern plant, and only one trial indicated a significant preference for a southern plant. We believe that these results are the most comprehensive evidence to date for latitudinal patterns of plant palatability in any community. 
Strength of our test
To ensure that our results were representative of the entire community rather than being based on only a few, perhaps idiosyncratic, species, we attempted to work with as many species of plants and herbivores as was feasible. We were very successful at achieving this goal with plants; we worked with all 10 species that occur in common in northeastern and southeastern coastal salt marshes, and these represent the majority of the species and biomass present at each site (S. C. LATITUDE AND PLANT PALATABILITY FIG. 6. For Spartina alterniflora, consumption of northern vs. southern leaves in paired feeding trials conducted in RI (top) or GA (bottom). All other details are as in Fig. 2. Pennings, E. L. Siska, M. D. Bertness, personal observation) . In the case of the herbivores, we were forced to exclude deer and mining, galling, and sap-sucking insects as being logistically problematic, thus, our results strictly apply only to leaf-chewing invertebrates.
Nevertheless, we were able to work with 13 species of consumers from a variety of taxa and dietary strategies, ranging from specialists to generalists, and including both larval and adult forms of two species. These consumers represented all the leaf-chewing invertebrates Ecology, Vol. 82, No. 5 FIG. 7 . For Spartina patens, consumption of northern vs. southern leaves in paired feeding trials conducted in RI (top) or GA (bottom). All other details are as in that were common at our study sites. Thus, we are confident that our results represent a community-wide pattern of leaf palatability to chewing herbivores. Whether similar results would hold with phloem-feeders such as aphids is less obvious.
Constraints of previous tests
Because of the severe logistic problems inherent in working across large distances, many studies of geographic variation in plant palatability have not directly assessed the palatability of fresh plant material, but instead have worked with freeze-dried plants, plant extracts, or have measured plant traits that might correlate with palatability. This approach is potentially vulnerable to two criticisms. First, since plants are likely to vary in a wide number of factors that affect palatability, including toughness, nitrogen content, and the type and concentration of secondary metabolites, studies that measure a limited selection of plant traits may obtain an incomplete understanding of variation in palatability. For example, latitudinal patterns in alkaloid production (Levin 1976) may not predict latitudinal patterns in palatability since different alkaloid compounds may differ in palatability, and since plants that do not produce alkaloids may produce other types of unpalatable compounds, or may be unpalatable for other reasons (e.g., they might be tough or low in nutrients). Second, even if differences in plant traits are clearly demonstrated, it does not necessarily follow that these differences are large enough to affect feeding behavior of herbivores. For example, marine invertebrate herbivores from Australasia are tolerant of very high concentrations of algal phenolics and do not discriminate between seaweeds based on differences in phenolic content van Altena 1992, Steinberg et al. 1995) , and many marine herbivores do not appear to discriminate among plants based on nitrogen content (Horn 1989 , Bolser and Hay 1996 , Pennings et al. 1998 . Using freeze-dried, ground plant tissues is probably the closest approximation to using living plants, but traits such as toughness, water content, and the presence of volatile primary and secondary metabolites are still likely to differ from fresh plant material (Bolser and Hay 1996) . Using plant extracts represents a further approximation to fresh plant material (e.g., results with plant extracts explained only 60% of Bolser and Hay's [1996] results with freeze-dried plants).
Geographic studies that utilize consumers from only one geographic region (e.g., Van Alstyne and Paul 1990, Steinberg et al. 1991) are potentially vulnerable to the criticism that consumers might prefer or avoid foods based on novelty rather than on intrinsic palatability. This criticism is probably more of a concern when comparing distantly related plants, which are likely to differ qualitatively, than when comparing (as did Steinberg et al. 1991) congeners or conspecifics that are likely to primarily differ quantitatively (e.g., in the concentration rather than the types of secondary metabolites, or in leaf toughness rather than in the presence or absence of mineral defenses). Although highand low-latitude herbivores may differ in sensitivity to particular chemical defenses (Cronin et al. 1997) , the limited results available to date suggest that they display similar rank preferences for high-vs. low-latitude plants (Bolser and Hay 1996 ; see Results in this paper). Nevertheless, this equivalence should be tested, rather than assumed.
Proximate and ultimate causes of variation in plant palatability
Given our demonstration of latitudinal differences in plant palatability, we can raise two further lines of inquiry. First, which plant traits differ across latitude to generate differences in palatability? A variety of plant traits including toughness, nitrogen and mineral content, and secondary metabolites may affect palatability to consumers Paul 1992, Pennings et al. 1998) , and any of these might differ across latitude. Geographic variation in these traits in salt marsh plants is a subject of ongoing study by our group. Preliminary results suggest that no single factor explains geographic variation in palatability for all the plant species. Rather, different traits appear to vary geographically in different plant species, and geographic variation in palatability may be explained by one or several traits in any given species (E. L. Siska, S. C. Pennings, M. D. Hanisak, unpublished manuscript) .
Second, why do latitudinal differences in plant traits exist? A variety of factors including herbivore pressure, climate, shading, desiccation, and nutrient availability may affect plant traits that mediate palatability (Clausen et al. 1948 , Coley et al. 1985 , Bryant et al. 1989 , Karban and Myers 1989 , Renaud et al. 1990 , Tuomi et al. 1991 , Cronin and Hay 1996 , and any of these might cause variation across latitude. Two lines of observational evidence suggest that herbivore pressure does vary across latitude in salt marshes on the Atlantic coast of the United States. First, we conducted more assays using southern than northern herbivores because we found it easier to collect herbivores for our assays at southern sites. In fact, for three plant species, we were able to collect suitable herbivores only at southern sites, and performed no assays using northern herbivores. To the extent that our ability to collect herbivores reflects herbivore abundance, this suggests greater herbivore pressure at southern sites. Second, qualitative observations suggest that herbivore damage is more severe at southern sites than at northern sites, particularly for the grasses Distichlis spicata, Spartina alterniflora, and S. patens, and the shrub Baccharis halimifolia (S. C. Pennings, E. L. Siska, M. D. Bertness, personal observation). On the other hand, the shrub Iva frutescens appears to suffer greater herbivore damage at our northern sites (S. C. Pennings, E. L. Siska, M. D. Bertness, personal observation). Because observations of herbivore damage confound geographic variation in potential herbivore pressure with geographic variation in plant palatability, experiments using plants of standardized palatability will be necessary to unambiguously demonstrate latitudinal variation in herbivore pressure. Such a demonstration, of course, would not preclude other factors also selecting for geographic variation in plant palatability.
